In a previous study, we found that the global genome organizer Special AT-rich binding protein 1 (SATB1) is highly expressed in mesenchymal-derived human osteosarcoma U2OS cells and that the knock-down of SATB1 results in the inhibition of cell proliferation. The present study was aimed at investigating the effect of silencing SATB1 on cell migration, invasion, apoptosis and resistance to the chemotherapeutic drug arsenic trioxide. Cell migration and invasion were detected by wound-healing assays and trans-well invasion assays, respectively. Cell apoptosis was analyzed by an in situ Cell Death Detection POD Kit, based on terminal deoxynucleotydyl transferase mediated dUTP nick-end labeling (TUNEL) staining and mRNAs were analyzed by real time qRT-PCR. We found that cell migration and invasion were inhibited and that the proportion of apoptotic cells and sensitivities to the chemotherapeutic drug arsenic trioxide were enhanced by knockdown of SATB1 in U2OS cells. Furthermore, mRNA of ABCC1 and ABCG2 were decreased strikingly after SATB1 silencing. It was concluded that the elevated expression of SATB1 in U2OS cells contributes to maintenance of the malignant phenotype and resistance to chemotherapeutic drugs ATO, suggesting that silencing SATB1 in the cells might improve the effects of arsenic trioxides in the treatment of osteosarcoma in which SATB1 is over-expressed and that ABCC1 and ABCG2 were involved in SATB1 mediated resistance of U2OS cells to ATO.
Introduction
Osteosarcoma is the most common malignant bone tumor in children and adolescents [1] . Many patients experience tumor recurrence following treatment with current osteosarcoma therapy, which consists of chemotherapy and surgery. Considering that the majority of high-grade osteosarcoma patients are children and adolescents whose remaining life expectancy is considerably longer than other cancer patients, the long-term effects of chemotherapy must be taken into account. Therefore, the development of novel approaches that can overcome osteosarcoma resistance to current drugs and have better toxicity profiles are urgently needed.
Methotrexate (MTX), Doxorubicin, cis-dichlorodiamineplatinum (CDDP), and ifosfamide (IFO) are the main chemotherapeutic agents used to treat osteosarcoma [2, 3] . However, cells within osteosarcoma tumors rapidly become less sensitive and/or develop
Ivyspring
International Publisher resistance to these drugs [2, 3] . Furthermore, the application of these drugs increases the probability of collateral toxic effects [2] [3] [4] . Arsenic trioxide (ATO) has been successfully used to treat leukemia [5] [6] [7] [8] and some solid malignant tumors [9, 10] . ATO has been shown to induce G2/M phase arrest in MGC803 gastric cancer cells and induces apoptosis in APL-derived NB4 cells [11] . ATO has also been shown to induce apoptosis in acute promyelocytic leukemia cells by inducing the phosphorylation and activation of Chk2 and p38 MAPK [12] . ATO has been shown to induce growth arrest in human hepatocellular carcinoma cells by increasing FOXO3a expression and its translocation from the cytoplasm to the nucleus [13] . Other research has shown that ATO inhibits the metastasis of Ewing's sarcoma cells [14] .
Special AT-rich binding protein 1 (SATB1) is a global genome organizer that binds selectively to the nuclear matrix DNAs through a unique nuclear architecture [15, 16] and recruits chromatin remodeling factors to regulate chromatin structure and gene expression [17, 18] . It has been shown that SATB1 expression plays an important role in breast cancer progression and predicts a poor prognosis [19, 20] . SATB1 expression is also upregulated in multidrug resistant breast cancer cells that exhibit higher invasive potential than the parental cells [21] . In addition to breast cancer, it has been reported that SATB1 expression may have value in determining the invasive and metastatic potential of gastric cancer [22] , and that it might serve as an independent prognostic marker for predicting outcome of cutaneous malignant melanoma [22] . Our previous study showed that SATB1 was highly expressed in mesenchymal derived human osteosarcoma U2OS cells and that the knock-down of SATB1 suppressed the proliferation of the cells [23] .
The present study was carried out to seek evidence for a role of SATB1 in maintaining the malignancy of human osteosarcoma U2OS cells and their resistance to chemotherapeutic drugs. We investigated the effect of silencing SATB1 on cell migration, invasion, apoptosis and the resistance to ATO. It was found that cell migration and invasion were inhibited and that the apoptosis and sensitivities to ATO were enhanced by silencing of SATB1 in the cells. These results indicate that the increased expression of SATB1 in U2OS cells contributes to their maintenance of the malignant phenotype and resistance to ATO, suggesting that silencing SATB1 in the cells might improve the therapeutic effects of ATO on those osteosarcomas in which SATB1 is over-expressed.
Materials and methods

Materials
Arsenic trioxide was purchased from Pharmaceuticals Limited Company of Harbin Medical University (Harbin, China). High Glucose Dulbecco's Modified Eagle Medium (H-DMEM) was from Gibco BRL (Rockville, USA). Fetal bovine serum (FBS) was from HyClone Inc. (Logan, USA). Cell Counting Kit-8 (CCK-8) was from Dojindo (Tokyo, Japan), in situ Cell Death Detection Kit, POD from Roche (Penzberg, Germany) and G418 from Invitrogen Life Technologies (Carlsbad, USA).
Cell culture
Human osteosarcoma U2OS cells were purchased from the American Type Culture Collection (Manassas, USA). The cells in which SATB1 had been knocked down (U2OS SATB1-shRNA) and the control cells (U2OS control-shRNA) have been described and used in our previous study [23] . They were made by the stable transfection with a shRNA expressing vector against SATB1 and a scrambled shRNA, respectively. All the cells were maintained in H-DMEM supplemented with 10% FBS at 37°C in a 5% CO2 and humidified atmosphere.
Cell migration assay
Cell migration was determined by a wound-healing assay. The cells were grown to confluence on 6-cm dishes. A scratch was then made through the cell monolayer using a sterile 200-µl pipette tip. After washing twice with PBS, fresh culture medium and mitomycin C (25 μg/ml) were added and cells were incubated at 37°C for another 24 hours. Photographs of the wounded areas were taken at 0 h and 24 h after making the wound. The widths of the wounded areas were measured at 0 h (M0) and 24 h (M24). The relative migration distance (%)= (M0-M24)/M0×100.
Cell invasion assay
Cell suspensions (each with 5×10 4 cells in 0.1 ml of serum-free H-DMEM medium) were added to the top chamber of 24-well cell culture inserts with 8μm pores (Corning, Medfield, Massachusetts, USA) coated with Matrigel (Invitrogen, Carlsbad, USA). 200μl of conditioned medium from cultured NIH/3T3 cells were added to the bottom chamber to create a chemotactic gradient. Cells were incubated at 37°C for 24 hours, fixed with neutral formaldehyde, and then stained with hematoxylin and eosin. The number of migrated cells was counted in five high-power fields in each of 6 samples. For the preparation of conditioned medium (CM), NIH/3T3 cells were grown to 80% confluence in H-DMEM medium containing 10% fetal bovine serum in a 5% CO 2 and 37°C incubator. The culture medium was changed to serum-free H-DMEM medium. The cells were incubated for another 24 hours, the culture media was collected and centrifuged, and the supernatants were stored at -20°C and used as CM.
Cell apoptosis assay
The cells were grown on glass microscope slides and then fixed with 4% paraformaldehyde solution after incubation for 24 hours. The slides were terminal deoxynucleotydyl transferase mediated dUTP nick-end labeled (TUNEL-stained) using an in situ cell death detection POD kit (Roche, Penzberg, Germany) in accordance with the manufacturer's instructions. All slides were counterstained with hematoxylin. As a negative control, the terminal transferase was omitted. The TUNEL-positive cells were found after diaminobenzidine (DAB) coupling. The total number of cells and number of TUNEL-positive cells were counted in five high-power fields in each of 6 samples. All slides were read by an experienced scientist who was blinded to the evaluation and scoring and the average ratio of the number of TUNEL-positive cells to the total number of cells was calculated.
Sensitivity of the tumor cells to arsenic trioxide
Cells were seeded into 96-well plates at 1000 cells/well and incubated overnight to allow for cell attachment. On the following day, ATO was added to the wells at the final concentrations as indicated in Figure 4 , and the cultures were incubated for an additional 24 hours. Cell viability was evaluated using the Cell Counting Kit-8 (CCK-8) (Dojindo, Japan) according to the manufacturer's instructions. Briefly, the cells were incubated with CCK8 solution and then the absorbance was determined at 450 nm wavelength in a micro plate reader. The absorbance values were converted to cell numbers from a standard curve of cell numbers against absorbance value which resulted from a series of analyses of samples in which the cell numbers were known.
RNA purification and qRT-PCR
For RNA purification, the cells from different clones in exponential growth phase were plated in 6 cm diameter dishes (1 × 10 6 cells / dish) and allowed to grow for 3 days. Total RNA purification and qRT-PCR were performed with a detailed procedure as described previously [24] . The primer sets used for PCR amplification are shown in Table 1 . After amplification, a melting curve was generated and data analysis was performed by using Dissociation Curves 1.0 software (Applied Biosystems). The normalized value was given by the ratio of mRNA of the target gene to mRNA of the reference gene (RPL13) in each sample and the data were expressed relative to the value of the control cells (Control-shRNA).
Statistical Analysis
Statistical analyses were performed using SPSS software (SPSS, Version 17.0, Chicago, IL, USA). Differences among treatment groups were analyzed by one-way analysis of variance (ANOVA) with post hoc analysis using Dunnett's test. Differences were considered statistically significant when P<0.05. 
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Results
SATB1 silencing suppressed the migration and invasiveness of U2OS cells
To explore the role of highly expressed SATB1 in maintaining the migratory and invasive traits of the cells, we examined whether knockdown of SATB1 in U2OS cells reduced their migratory and invasive traits using a monolayer wound-healing assay and a Matrigel based Boyden chamber invasion assay. Fig. 1A shows a representative photograph of cell migration and Fig. 1B shows a statistical analysis of the effects of silencing SATB1 on the migration. The percentage of relative migration distance in the two cell clones (SATB1-shRNA1 and SATB1-shRNA3) whose SATB1 had been silenced [23] were 34±4.7 and 29±3.3 respectively, when compared with the percentage of relative migration distance in parent (U2OS: 52±8.5 and transfection control (control-shRNA: 54±6.6). The data indicate that silencing SATB1 decreased the cell migration, suggesting increased expression of SATB1 in U2OS contributes to the elevated migration of these cells. Fig. 2A shows a representative photograph of the cell invasion and Fig. 2B shows the statistical analysis of the effects of silencing SATB1 on cell invasion. Numbers of invasive cells in the two cell clones (SATB1-shRNA1 and SATB1-shRNA3) whose SATB1 had been silenced were 197±15.0 and 182±12.4 respectively, when compared with numbers of invasive cells in parent (U2OS: 410±21.1) and transfection control (control-shRNA: 422±21.1). The data indicate that silencing SATB1 decreased the cell invasion, suggesting that high expression of SATB1 in U2OS contributes to the elevated cell invasion. 
SATB1 silencing enhanced the apoptosis of U2OS cells
Apoptosis is the most common mechanism for cell death triggered by chemotherapeutic drugs [25, 26] . To study the effects of silencing SATB1 on apoptosis in human osteosarcoma U2OS cells, the apoptosis of the cells with different background of SATB1 was analyzed using a method based on terminal deoxynucleotydyl transferase mediated dUTP nick-end labeling (TUNEL) staining. Fig. 3A shows a representative photograph of the U2OS cells and the arrow indicates the apoptotic cells. As shown in Fig. 3B , the percentage of apoptotic cells in the two cell clones (SATB1-shRNA1 and SATB1-shRNA3) whose SATB1 had been silenced were 23± 3.5 and 27±2.9 respectively, when compared with the parent (U2OS: 7±2.1) and transfection control (control-shRNA: 9±2.7) cells. The data indicate that silencing SATB1 significantly increased the rates of apoptosis of the cells, suggesting the potential ability of highly expressed SATB1 in U2OS cells to prevent apoptosis of the cells. 
SATB1 silencing increased the sensitivities of U2OS cells to arsenic trioxide
To study whether the increased expression of SATB1 in U2OS is responsible for the resistance of the cells to the chemotherapeutic drug ATO, its effects on the cells with different SATB1 background expression were evaluated using the CCK8 Cell viability assay. As shown in Fig. 4A , ATO caused dose-dependent cell death in both control cells (U2OS and Control-shRNA) and SATB1-silenced cells (SATB1-shRNA1 and SATB1-shRNA3). However, silencing SATB1 expression significantly increased the sensitivity of U2OS cells to arsenic treatment as reflected by a shift to the left in the dose-response curve in SATB1-silenced cells when compared with the control cells (Fig. 4A) . As shown in Fig. 4B , the concentration of ATO (6.47 μM and 6.20 μM respectively) that caused 50% cell death in SATB1-shRNA cells was significantly less than that of the control cells (9.15 μM) and As shown in Fig. 4C , ATO induced cell death in a time-dependent manner; however, SATB1-silenced cells (SATB1-shRNA1 and SATB1-shRNA3) demonstrated more rapid and quantitatively greater cell death rates by ATO. All these data indicate that silencing SATB1 might help overcome the resistance of human osteosarcoma U2OS cells to arsenic-based chemotherapy. SATB1-silenced (SATB1-shRNA1 and SATB1-shRNA3) and non-silenced (Control-shRNA) cells and un-transfected U2OS cells were exposed to various concentrations of ATO (as indicated) for 24 hours, and cell viability was evaluated using the Cell Counting Kit-8 assay kit. Cell survival (%) resulting from exposure to ATO was calculated relative to the respective cell clone without exposure to ATO. Dose-effects curves (A) were plotted by using a non-linear regression model and IC50s shown in (B) were determined based on the fitted curves. Time responses curves are shown (C). The data are expressed as the mean ± SD, N=9, *P < 0.05, versus non-silenced (Control-shRNA) cells at the same concentration of ATO. 
SATB1 silencing changed the expression of related genes
Based on the above findings and the fact that SATB1 regulates the expression of more than 1,000 genes in tumor cells, we used qRT-PCR to quantify the expression of mRNAs of key genes related with cell migration, invasion, apoptosis and resistance to chemotherapeutic drugs in order to examine the possibility that SATB1 might exert its role through the regulation of gene expression. The results of these experiments are summarized in Table 2 . Silencing of SATB1 (SATB1-shRNA1 and SATB1-shRNA3) broadly changed the expression of these genes significantly, as compared to their expression in the shRNA control (U2OS control-shRNA) cells. The mRNAs for two anti-apoptotic genes Survivin and B-cell lymphoma 2 (Bcl-2) decreased around 85% and 75% respectively in both two SATB1 silenced cell clones. The mRNAs for MMP-2 and MMP-9 genes encoding degradative enzymes which destroy local tissue architecture and basement membranes to allow tumor invasion and metastasis decreased more than 90% in SATB1 silenced cell clones. In contrast, mRNA for TIMP-3 which functions as a tissue inhibitor of MMP increased 2 and 1.6 fold respectively in two SATB1 silenced cell clones. The mRNAs for multidrug resistance protein 1 (MRP1/ABCC1) decreased more than 90% in SATB1 silenced cell clones. The mRNAs for breast cancer resistance protein (BCRP/ABCG2) decreased around 60% in both two SATB1 silenced cell clones. The data indicate that silencing SATB1 broadly changed gene expression, suggesting that highly expressed SATB1 in U2OS play its role through its control on the expression of targeted genes.
Discussion
U2OS is a comprehensively characterized human osteosarcoma cell line, which robustly represents clinical osteosarcoma providing researchers with the ability to use in vitro models to study the genetics and functional characteristics of this highly malignant neoplasm [27] . In the previous study, we found that SATB1 is highly expressed in human osteosarcoma U2OS cells and that silencing SATB1 by the shRNA expression vector inhibited the proliferation of the cells. In this study we found that cell migration and invasion were also suppressed and that rates of apoptosis and sensitivities to ATO were enhanced by silencing SATB1 in U2OS cells.
In this study, an ATO concentration of 9.15 μM was found to cause 50% cell death in human osteosarcoma U2OS cells after 24 hours of exposure. In two SATB1 silenced cell clones the IC50 was decreased to 6.47 μM and 6.20 μM respectively. ATO has been under investigation as treatment for a variety of solid tumors including bladder cancer, glioma, breast cancer, hepatocellular carcinoma, cervical cancer, colorectal cancer, esophageal cancer, germ cell tumors, liver cancer, lung cancer, and melanoma (www.clinicaltrials.gov) [5] . ATO in combination with chemotherapy has shown promising activity in osteosarcoma and Ewing sarcoma [28] . These results indicate that ATO plus SATB1 silencing may be a promising therapeutic approach for treating osteosarcomas in which SATB1 is over-expressed, even though more studies are needed to increase its efficiency and decrease adverse reactions. It has also been reported that SATB1 could be down-regulated by the 3-hydroxy-3-methylglutaryl coenzymeA (HMG-CoA) reductase inhibitors (statin drugs) [29] which are widely used to treat hypercholesterolemia. These results provide a practical way to down regulate SATB1, without invoking significant cytotoxicity.
Migration and invasion are a prerequisite for metastasis and are usually positively correlated with the metastatic potential of malignant tumor cells [30] . SATB1 has been reported to be responsible for the migration and invasion of some epithelial derived tumor cells. For example, SATB1 overexpression correlates with the progression of human rectal cancer [31] , and upregulation of SATB1 promotes tumor metastasis in liver cancer [32] . Knockdown of SATB1 in human breast cancer MDA-MB-231 cells inhibited tumor growth and metastasis [19] . However little is known about the role of SATB1 in the migration and invasion of mesenchymal derived-osteosarcoma cells. The present study shows that silencing SATB1 significantly suppresses the migratory and invasive ability of human osteosarcoma U2OS cells, indicating that abnormal expression of SATB1 is responsible for the elevated migration and invasion of the cells, suggest-ing its potential role in the metastasis of human osteosarcoma.
Malignant cells can survive through the upregulation of cell proliferation and the escape from apoptosis. Our previous study showed that the knock-down of SATB1 suppressed the proliferation of human osteosarcoma U2OS cells via cell cycle arrest [23] and in the present study we show that the knock-down of SATB1 increases the rates of apoptosis of the cells, indicating that the abnormal expression of SATB1 in U2OS cells contributes to promote cell proliferation and to protect the cells from apoptosis. These results are also supported by earlier studies which have shown that elevated expression of SATB1 in human U251 glioma cells is associated with the suppressed apoptosis of the cells [33] . We also found that silenced SATB1 changed the expression of Bcl-2 and Survivin which generally known as two key anti-apoptotic proteins. It has been reported that the expression both SATB1 and Bcl-2 is significantly higher in human glioblastoma multiforme (GBM) tissues than in normal brain and their levels are associated with patient survival and that there exists a positive correlation between SATB1 and Bcl-2 expression [34] . It has also been demonstrated that the major breakpoint region (mbr) within the 3'-untranslated region (3'-UTR) of Bcl-2 gene could physically interact with Bcl-2 promoter through SATB1-mediated chromatin looping, which was required for epigenetic modifications of the promoter [35] . It has been reported that Epstein-Barr virus latent membrane protein 1 (LMP1) upregulates expression of SATB1 and Survivin in human nasopharyngeal cell lines and that silencing SATB1 decreases cell resistance to apoptosis induced by growth factor withdrawal and the LMP1-mediated Survivin expression [36] . All of these indicate that changed expression of Bcl-2 and Survivin by Knock down of SATB1 might be responsible for the increased apoptosis of human osteosarcoma U2OS cells.
The resistance of the malignant tumor cells to the drug frequently resulted in the failure of chemotherapy. In the present study we shows that the knock-down of SATB1 in U2OS cells increased cell sensitivities to ATO which is currently the most promising chemotherapeutic agent for the treatment of osteosarcoma in which SATB1 is over expressed and decreased mRNAs for multidrug resistance protein 1 (MRP1/ABCC1) and for breast cancer resistance protein (BCRP/ABCG2), indicating that elevated expression of SATB1 of U2OS cells was responsible for the resistance of the cells to ATO and may occur via the up-regulation of ABCC1 and ABCG2. The conclusion is supported by the studies that the higher expression of SATB1 contributes to multidrug resistance of breast cancer [21] . We also plan to conduct experiments to examine the effects of silencing SATB1 on the resistance of U2OS cells to additional chemotherapeutic agents used to treat osteosarcoma, including Methotrexate (MTX), Doxorubicin, cis-dichlorodiamineplatinum (CDDP), and ifosfamide (IFO) in the coming studies.
Taken together, the results in this study indicate that silencing SATB1 significantly inhibits the malignant phenotype of human osteosarcoma U2OS cells; and increases sensitivity of the cells to the chemotherapeutic drug, arsenic trioxide via the effects on the expression of related genes. These data suggest that silencing SATB1 may improve the therapeutic effects of ATO on those osteosarcomas in which SATB1 is over-expressed.
Conclusion
In this study we found that cell migration and invasion were suppressed and the apoptosis and sensitivities to ATO were enhanced by silencing SATB1 in U2OS cells and that ABCC1 and ABCG2 were involved in SATB1 mediated resistance of U2OS cells to ATO. These results indicate that the over-expression of SATB1 in U2OS cells contributes to maintenance of the malignant phenotype and resistance to chemotherapeutic drug. They suggest that silencing SATB1 in these cells might improve the therapeutic effects of arsenic trioxides on osteosarcomas in which SATB1 is over-expressed.
